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Pseudogap behavior of phase-separated Sm1−xCaxMnO3 : A comparative
photoemission study with double exchange
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Using valence band photoemission we have demonstrated the presence of a pseudogap in the
near Fermi level electronic spectrum of some of the mixed phase compositions of Sm1−xCaxMnO3
system. The pseudogap was found to grow in size over a large region of the phase diagram of
this system, finally leading to a metal-insulator transition. We have made a study comparing the
near Fermi level behaviors of this system to those of a canonical double exchange system, namely,
La1−xSrxMnO3. This study intends to highlight one of the important differences between the phase
separated and double exchange colossal magnetoresistance systems in the nature of their energy
gaps across the metal-insulator transitions. These differences could be ascribed to the distortions
in the MnO6 octahedra of their structures that regulate the localization of charge carriers. We have
discussed our results from the point of view of models based on the idea of phase separation.
PACS numbers: 79.60.-i, 75.47.Gk, 71.30.+h
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I. INTRODUCTION
Although, the double-exchange (DE) mechanism1,2,3
could qualitatively explain the phenomenon of colossal
magneto-resistance (CMR) in manganites, it was found
insufficient to provide a consolidated picture accommo-
dating their intricate transport and magnetic properties.
Most of the alternate theories proposed recently4,5, are
based on lattice polarons of one type or the other high-
lighting the strong electron-lattice interactions in these
systems. These polarons and thereby most of the prop-
erties of these Mn3+ - Mn4+ mixed valent compounds
depend on the topology of the MnO6 octahedra in their
structure. Among the recently proposed models, the one
based on electronic phase separation (PS)6,7 has been at-
tracting considerable attention. According the PS model
the metal - insulator (MI) transitions in these materials
are driven by the percolation of current through ferro-
magnetic metallic (FMM) domains embedded in an an-
tiferromagnetic insulating (AFMI) matrix. There have
been many structural studies showing the co-existence
of such metallic and insulating phases8,9,10,11 with sizes
varying from nanoscopic to microscopic. The cluster-
glass (CG) compositions of Sm1−xCaxMnO3 system are
some of the materials in which such a phase separation
could be unambiguously shown using neutron diffraction,
owing to the large sizes of the magnetic domains possi-
ble in them9. Separation of these magnetic phases in
this system has been found to be related to the strong
distortions in their GdFeO3-type structure. Also, these
distortions control the topology of the MnO6 octahe-
dra of their structure and thereby the one electron band
width (W) and the electron localization effects. The near
Fermi level (EF ) electronic behavior of these phase sep-
arated systems could possibly be different from those of
the La1−xSrxMnO3 which has long been identified as a
canonical DE CMR system12 due to its large W. Further,
since the term JH /W (JH is the Hund’s coupling) which
expresses the effective coupling between the eg and the
t2g electrons of the crystal field split MnO6 octahedra
in their structure, remains in the weak-coupling regime,
the La1−xSrxMnO3 system is regarded as the least af-
fected by the electron-electron and electron-lattice corre-
lation effects among the CMR manganites. On the other
hand, the Sm1−xCaxMnO3 with its small W and dis-
torted MnO6 octahedra, is more prone to the electron
correlation effects such as the localization of charge car-
riers.
Recently, there have been many photoemission
studies13,14,15 highlighting the subtle changes in the near
EF density of states (DOS) associated with the MI tran-
sitions in phase separated CMR systems. These shifts
in the near EF spectral weights lead to charge order
(CO) gaps and pseudogaps. Such pseudogaps which
have been shown to be a generic behavior of CMR sys-
tems with mixed phases6,14 are closely related to the
changes in the W and electron localization. As men-
tioned before, one expects distinct differences between
the mixed phase Sm1−xCaxMnO3 and the DE driven
La1−xSrxMnO3 systems in the nature of their energy
gaps across the MI transitions. Ultraviolet photoelec-
tron spectroscopy (UPS) is a powerful technique capa-
ble of probing the fine changes in the valence band elec-
tronic structure. In this paper, we show some of the
important differences between the Sm1−xCaxMnO3 and
the La1−xSrxMnO3 systems in their near EF electronic
structure using high resolution UPS. The doping depen-
dent pseudogap behavior observed in Sm1−xCaxMnO3
system is discussed here and compared with that of the
DE driven La1−xSrxMnO3.
20 0.2 0.4 0.6 0.8 1
x in Sm1-xCaxMnO3
0
100
200
300
400
500
Te
m
pe
ra
tu
re
 (K
)
0 0.2 0.4 0.6 0.8 1
x in La1-xSrxMnO3
A
 - 
A
FM
M
FMM
TC
FM
I
A
-A
FM
I
TN
PMI PMM
C 
- A
FM
I
G
-A
FM
I
TC TN
TCO
FM
I CO
 - 
AF
M
I
FM
M
-C
G
PMI
(a) (b)
FIG. 1: Panel (a): Phase diagram of Sm1−xCaxMnO3 system.
(b): Phase diagram of La1−xSrxMnO3 system adapted from
the work of Chmaissem et al.18 .
II. EXPERIMENTAL
Polycrystalline samples of Sm1−xCaxMnO3 and
La1−xSrxMnO3 systems were prepared by solid state re-
actions by mixing MnO2, CaO and Sm2O3 or La2O3
in stoichiometric proportions. The powders were first
heated at 1000 C with intermediate grindings and then
pressed in the form of pellets. They were then sin-
tered at 1500 C for 12 h in air with a slow cooling
down to 800 C and finally quenched to room tempera-
ture. Details of the sample preparation technique could
be found elsewhere16. The monophasic, homogeneous
nature of the samples have been checked by x-ray pow-
der and electron diffraction techniques. The cationic
compositions, close to their nominal values were con-
firmed using energy dispersive spectroscopy and iodomet-
ric titrations. Magnetic and electrical transport prop-
erties of the samples were determined using a magne-
tometer (equipped with a superconducting quantum in-
terference device) and four probe resistivity measure-
ments. A co-existence of two separate phases of FMM
and AFMI domains below 100 K in x = 0.85 and 0.9
of the Sm1−xCaxMnO3 system were shown earlier using
neutron diffraction studies carried out at LLB, Saclay,
France on the G41 diffractometer9,16. Consolidated re-
sults of these studies is published eleswhere9,16,17.
Angle integrated ultraviolet photoemission measure-
ments were performed using an Omicron mu-metal ul-
tra high vacuum system equipped with a high intensity
vacuum-ultraviolet source (HIS 13) and a hemispherical
electron energy analyzer (EA 125 HR). At the He I (h ν
= 21.2 eV) line, the photon flux was of the order of 1016
photons/sec/steradian with a beam spot of 2.5 mm diam-
eter. Fermi energies for all measurements were calibrated
using a freshly evaporated Ag film on a sample holder.
The total energy resolution, estimated from the width of
the Fermi edge, was about 80 meV for He I excitation.
All the photoemission measurements were performed in-
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FIG. 2: The angle integrated valence band spectrum of the
Sm1−xCaxMnO3 system taken at 77 K using He I photon
energy.
side the analysis chamber under a base vacuum of ∼ 5.0
× 10−11 mbar. The polycrystalline samples were repeat-
edly scraped using a diamond file inside the preparation
chamber with a base vacuum of ∼ 5.0 × 10−11 mbar and
the spectra were taken within 1 hour, so as to avoid any
surface degradation. All measurements were repeated
many times to ensure the reproducibility of the spec-
tra. For the temperature dependent measurements, the
samples were cooled by pumping liquid nitrogen through
the sample manipulator fitted with a cryostat. Sample
temperatures were measured using a silicon diode sensor
touching the bottom of the stainless steel sample plate.
The low temperature photoemission measuements at 77
K were performed immediately after the cleaning the
sample surfaces followed by the room tempedrature mea-
surements. In order to make a good comparative study of
the two systems (Sm1−xCaxMnO3 and La1−xSrxMnO3),
we performed all the measurements under exactly same
experimental conditions.
III. RESULTS AND DISCUSSION
The phase diagram of the Sm1−xCaxMnO3 system
published earlier17 is shown in Fig. 1 (a). We have cho-
sen five compositions of this system with x = 0.3, 0.5,
0.7, 0.85 and 0.9, which are all paramagnetic insulting
(PMI) at room temperature. Below 100 K, the x = 0.3
sample shows a ferromagnetic insulating (FMI) behavior.
A large doping region, 0.40 6 x 6 0.7, shows a CO-AFMI
state at low temperatures. The CMR properties of these
compositions are strongly dominated by this CO insulat-
ing state. The low temperature resistivities (down to 10
K) of these samples were very high (> 104 Ω cm) and
are thus insulators. The coexistence of ferromagnetism
and metallicity is observed only in the cluster-glass (CG)
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FIG. 3: Panel (a): High resolution photoemission spectra of
the near EF region taken at 77 K. A and A’ refer to the Mn
3d eg spin up states of the system. The doping dependent MI
transition is accompanied by the shifting of some DOS from
A’ to A, referred as the pseudogap in the text. (b): All the
other spectra plotted against the one from x = 0.3 depicting
the x dependent growth of A’.
region i.e., x ≈ 0.9, where the resistivity at low tem-
perature (10 K) is 10−2 to 10−3 Ω cm, corresponding to
that of ’bad’ metals. The CMR effect is observed in the
boundary between CG - state (x > 0.85) and CO-AFMI
state (x < 0.85). Neutron diffraction studies9,16 have
shown that the last two CG compositions (x = 0.85 and
0.9) have coexisting FMM and AFMI phases. Fig. 1.(b)
shows the phase diagram of the La1−xSrxMnO3 system,
adapted from the work of Chmaissem et al.18.
In figure 2 we present the angle integrated valence
band spectra of the Sm1−xCaxMnO3 samples taken at
77 K. The main features seen in these spectra are by
now well-known and looks similar to those reported
earlier on different CMR systems19,20,21, including the
La1−xSrxMnO3. Features seen in the spectra originate
from the bonding and antibonding states of Mn 3d - O 2p
hybridization. Detailed discussion on these spectral fea-
tures could be found elsewhere14. As in other transition
metal oxide compounds, the major contribution to the
physical properties of this system comes from the subtle
changes in the states near the EF (within 2 eV from the
EF ). A high resolution spectra of this region is shown in
Fig. 3(a). Intensities of these spectra are normalized at
regions above 1.2 eV and below the EF and are shifted
along the ordinate axis by a constant value for clarity.
Here, we concentrate on the subtle changes in the
near EF spectral features, marked A and A’ in Fig.
3. Different experiments19,20,21 and band structure
calculations22,23,24 have shown that both these features
arise from the Mn eg spin-up states of the crystal field
split MnO6 octahedra. The spectra shown, taken at 77 K,
demonstrate the finer shifts in the spectral weight from
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FIG. 4: Panel (a): High resolution photoemission spectra of
the near EF features of La1−xSrxMnO3 compositions taken at
77 K. (b): Spectra from different compositions plotted against
that from x = 0.2 for comparison.
A to A’ as we go across the phase diagram shown in
Fig. 1(a). The apparent gaps in the near EF DOS re-
sulting from these shifts are usually called ‘pseudogaps’.
As mentioned earlier, recent photoemission studies13,14,15
have highlighted the importance of such pseudogaps,
particularly for the models based on electronic phase
separation6,7. Fig. 3(a) shows that some finite number
of states build up at A’ as we go from FMI (x = 0.3) to
AFMI (x = 0.5) composition. Further increase of x to 0.7
also results in an increased DOS at A’. Spectra from the
x = 0.85 and 0.9 samples display a distinct feature at A’.
In panel (b) we have plotted the spectra corresponding
to each composition together with that from the x = 0.3
for a comparison. It should be noted that, though all the
samples with x = 0.5, 0.6 and 0.7 are AFMI at 77 K the
number of states at A’ keep increasing with increase in x
showing that the pseudogap originating from these shifts
exist also in the AFMI regime. This building up of DOS
at A’ could be associated with the growing FMM domains
in the AFMI matrix in the Sm1−xCaxMnO3 system with
progressive Ca doping. The increase in the DOS at A’
should be due to the shift of states from A to A’ follow-
ing the growth of FMM domains. As we move on to x =
0.85 and 0.9, the feature at A’ becomes quite prominent.
In these compositions, the FMM domains must be large
enough leading to the metallic behavior shown by them.
This has been confirmed earlier using neutron diffraction
studies where we9 had shown that the Sm1−xCaxMnO3
system with x = 0.85 and x = 0.9 have a unique crys-
talline structure with FMM clusters embedded in a G-
type AFMI background.
Let us now compare these results from
Sm1−xCaxMnO3 with those from the canonical
12
DE system, La1−xSrxMnO3. Figure 4 (a) shows the high
resolution photoemission spectra of the near EF
4of La1−xSrxMnO3 system taken at 77 K. These spectra
are also normalized and displayed in the same way as de-
scribed earlier. The phase diagram18 of La1−xSrxMnO3
system (Fig. 1(b)) shows that compositions with x =
0.2 to 0.6 are FMM while x = 0.7 and 0.8 are AFMI.
Correspondingly, our spectra from different metallic
compositions also show the presence of a Fermi edge; the
hallmark of metallicity. In Fig. 4 (b) we have plotted
the spectra from different compositions together with
that from the x = 0.2 sample. A close observation and
comparison of this figure with Fig. 3 (b) will reveal
that the spectra from different metallic compositions
do not show any distinct feature corresponding to A’
as in the case of the Sm1−xCaxMnO3 system. The MI
transition in Sm1−xCaxMnO3 (from x = 0.9 to x =
0.3) was accompanied by the depletion of the feature
at A’ due to the transfer of some DOS from A’ to A;
namely the pseudogap. On the other hand, in case of the
La1−xSrxMnO3 system we neither find any formation of
such a feature at A’ nor any shift of DOS. Here, the MI
transition is manifested as the opening up of an insulator
gap. The plot in Fig. 4 (b), showing the spectra from
x = 0.2 (metallic) together with that from x = 0.8
(insulating) makes this point clear. One can see that
the insulator to metal transition here is accompanied by
an almost uniform increase in the DOS over the region
between 1.2 eV and the EF .
The differences shown by the near EF spectral changes
associated with the doping dependent MI transitions in
the Sm1−xCaxMnO3 and the La1−xSrxMnO3 systems
could be relevant to the fundamental understanding of
the mechanism of CMR. The insulator-metal transition
in the La1−xSrxMnO3 system is due to the hopping of
the eg electrons from Mn
3+ to Mn4+ via the DE and
superexchange interactions. These interactions are sensi-
tive to the distortions in the MnO6 octahedra which con-
trol the W and the electron correlation effects. With its
small W these correlation effects are strong in case of the
Sm1−xCaxMnO3. As mentioned before, the mixed phase
compositions of this system have FMM domains in a CO-
AMFI matrix9. With its strongly distorted MnO6 octa-
hedra the C - type AFMI regions could be more prone
to the electron localization effects compared to the FMM
domains. The charge carriers (eg electrons) of the AFMI
regions should thereby be more localized compared to
the eg electrons in FMM regions. Consequently, this can
result in higher binding energies for those eg electrons
in AFMI regions compared to the ones in the FMM do-
mains. As the sizes of these FMM domains increase with
Ca doping, the number of itinerant eg electrons also go
up resulting in a shift of spectral weight from A to A’.
Conversely, this is the origin of the pseudogap. As Moreo
et al.6 have proposed earlier, this pseudogap could be a
generic feature of such phase separated systems. But, the
scenario is different in case of the La1−xSrxMnO3 system
where such mixed phases do not exist. There the DE and
superexchange processes through the undistorted Mn-O-
Mn bond lead only to the hoping of eg electrons with no
localization processes or pseudogaps involved.
IV. CONCLUSION
In conclusion, we have shown one of the important
differences in the near EF electronic behavior of phase
separated and DE systems using high resolution pho-
toemission experiments. Our study of the doping de-
pendent MI transitions in Sm1−xCaxMnO3 compounds
shows that the phase separated systems indeed show a
pseudogap behavior in their near EF electronic spectrum
over a large region of their phase diagram. A comparison
of this system with the canonical DE La1−xSrxMnO3 sys-
tem reveals the differences in the nature of the gaps asso-
ciated with the MI transitions between these two systems.
These differences could be ascribed to the distortions in
the MnO6 octahedra of their crystal structures which reg-
ulate the electron - electron and electron - lattice correla-
tion effects determining the localization of charge carriers
and thereby the pseudogap behavior.
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